Abstmct-We propose an automated inspection system of manufactured parts using a cloud of SD measured points of a part provided by a range sensor, and its CAD model. Inspection consists in verifying the accuracy of a part related to a given set of tolerances. It is thus necessary that the SD measurements be accurate. In the SD capture of a part, several sources of error can alter the measured values. So, we have to And and model the most influent parameters affecting the accuracy of the range sensor in the digitalization process. This model is used to produce a sensing plan to acquire accurately the geometry of a part. By using the noise model, we introduce a dispersion value for each SD point acquired. This value of dispersion is shown as a weight factor in the inspection results.
I. INTRODUCTION
AD/CAM is largely used in industry. After the C design and manufacturing of a piece remains a significant task: the inspection. Inspection is the process of determining if a.product (part or whole) deviates from a given set of specifications (tolerances). Coordinate Measuring Machine (CMM) is the industry standard mechanism for part validation, but in spite of its high accuracy, it has some important limitations such as: the need for mechanical fixturing, low measurement speed, and the need to be programmed as a new part is inspected.
On the other hand, recent advances in non-contact sensor like laser range finder, with significant improvement in speed (about 20000 points/s), allow them to be used in inspection tasks. The disadvantage of the range sensors is their accuracy, largely lower than the CMM accuracy. If one wants to improve the overall accuracy, it is necessary t? develop acquisition strategies that optimize the digitalization process. Finally, if the dimensional inspection is relatively simple to realize, it is mandatory however to develop methodologies for geometrical inspection.
In this paper we present an inspection methodology for geometrical tolerances that uses the CAD model of the part and the high accuracy 3D range data obtained after the scanning of the 3D part using an acquisition strategy that optimizes the accuracy.
ACCURACY OF MEASURED POINTS
This section describes the accuracy that can be obtained from the 3D data as a function of the placement of the range camera. The camera, an autosynchronized range sensor, was developed at National
Research Council of Canada [ 11.
In order to evaluate the accuracy of the cloud of 3D points obtained by the scanning process, we have achieved 128 measurements, each time at different positions for the distance and the orientation of the laser sensor with respect to a reference surface. The measurments were fulfilled after the camera calibration procedure, and the camera placements were chosen close to the calibration ones.
In Figure l (a), we show the variance (in mm2) in the axis of the projected beam ( z axis) versus the distance (in mm) from the camera to the surface. The dotted curve is a second degree polynomial that best fit the real variances curve. The fitting curve is defined as Var(d) = 8 . 8 6~ 10-'0-d2-3.47~ 10-'.d+3.81 x From Figure l(a), we can conclude that in spite of oscillations created by speckle effects, the variance has a smaller dispersion when the camera is nearest to the surface. To improve the measurement accuracy by finding the best scanning placements, we define a distance range for the placements as 170mm 5 d 5 240mm. For distances smaller than 170mm, the measurement accuracy is worse, because the laser beam get out of focus. These results confirm that we can improve the accuracy of the data acquisition process by following the previously defined criterions (normal direction, distance). So, in order to be able to achieve inspection tasks, we have implemented an acquisition planning strategy. The strategy improves the 3D data accuracy by finding the optimal camera placement for digitizing the part, using the range for the parameters d, a and 8 computed in this section.
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THE ACQUISITION PLANNING STRATEGY
The main goal of this strategy is to improve the measurement accuracy of a part. Such a strategy consists in computing the set X of viewpoints x* in order to obtain a complete and optimal 3D image of the part. We define an optimal 3 D image as a 3D cloud acquired by the scanning process in the best accuracy conditions.
The resulting 3D image can be used, for instance, in inspection task for verifying the specification of just a few surfaces. The strategy is therefore to find the collection of viewpoints for each surface independently.
If one wants to digitize the whole part, he just has to add the complete assemblies X of all the surfaces in the part. In most of the related works [24] , the acquisition strategy is optimized to have the minimum number of viewpoints to digitize the whole part. In our work [5], the placement strategy optimizes the accuracy of the acquired 3D points and can be applied to a particular surface or to the whole part.
We define used not only for the registration process, but also for the search of viewpoints and to resolve the occlusion problem.
We stated that the accuracy of a measured point using an auto-synchronized range sensor (previously calibrated) depends specifically on the scanning distance and on the incidence angle of the laser beam relative to the surface. The measured points are more accurate when the camera is located near the part and when the incidence angle of the laser ray is near to the normal direction of the surface. The strategy searches for viewpoints to digitize the part with the best conditions for accuracy. The viewpoint issue of the strategy is that inspected surface can be reached by the mechanical support of the camera and is occlusion free. A surface is occluded for a specific viewpoint if any object intersects the laser beam before reaching the target surface. The system works with both simple and complex surfaces. The only geometric constraint imposed to the parts to be digitized is that they are completely contained within the workspace of the camera.
Part 2
Part 3
Sensor placement strategy results
We show in Figure 2 some industrial parts that were digitalized with and without the use of the sensor placement strategy. In Figure 3 , we show the sensing strategies, issued from the acquisition planning strategy described in [5], for a complete digitalization of the parts. In the Figure 3 , the line represents the projection of the laser beam from the viewpoint, where the sensor is placed, to the projected viewpoint on the surface in the optical axis direction. After the registration process of the 3D data with the CAD model of the part, the distance between each 3D point and the nearest point on the CAD model is computed. Table I summarizes the average distance for each part.
The average distance for standard digitalization is presented in the column Stand Dig. The column Stmt Dig present the average distance for the digitalization by using the sensor placement strategy. The last column shows the improvement obtained when the strategy is used. The smallest average distance is obtained for part 1 followed by part 3, all of the parts composed of flat surfaces. For these two parts we obtain an improvement of approximately 33%. For the part 2 the improvement obtained is of 35% but the average distance is 100pm: it represents the largest distance. This result is due to the fact that this part is composed of curved surfaces, and thus the incidence angle of the laser beam is far away from the optimal one.
IV. TOLERANCE INSPECTION
Manufacturing methods are unable to produce parts with perfect shape, size and form. Therefore, given a physical instance of a part, it is possible to measure dimensional or geometric properties, and determine if deviations are within range defined by the tolerance specification. Usually the inspection of a part using 3D range data is done by comparing the CAD model with 3D data after registration [4,8] . In order to use only the 3D points related to the tolerance specification (points on the reference surface and points on the inspected surface), the 3D cloud is segmented after the registration process [9].
A . The registration method
The registration of two shapes is defined as finding the 3D rigid transformation (rotation + translation) to be applied on one of the shape to bring it into one common Cartesian coordinate system with the other one. The registration process relies on the well-known work of Besl and McKay [7] who in 1992 developed a general-purpose representation method for the accurate and computationally efficient registration of 3D shapes, including free-form curves and surfaces. Moron [lo] implemented an algorithm for registration between an unordered cloud of 3D points and a CAD model. In the CAD model used, all the surfaces of the part are defined as a parametric NURBS (NonUniform Rational B-Splines) surfaces.
B. The segmentation method
In the registration process, we superposed the CAD model with the 3D data of the part. But because we are interested in inspecting some specific surfaces, we need to segment the part into its different surfaces. The segmentation of the 3D cloud is done by computing the distance between every 3D point and all of the surfaces in the CAD model, and by comparing some local geometric properties between each 3D point in the cloud and its closest point on the surface.
C. Geometrical tolerance
The geometrical tolerance is the maximum range in which can vary the geometrical characteristics of form, orientation or position of an element. Figure 4 shows the tolerance specifications (in mm) for part 1.
C.l Form tolerance
We check form tolerances of a surface by using only the 3D points associated with this surface and obtained from the segmentation process. This subset of 3D points is registered with the CAD model, and the perpendicular distance between each 3D point and the NURBS surfaces is calculated. these distances, a gaussian distribution, is used to define the zone of measured tolerance. Indeed, we adjust the average value of the distribution with the NURBS surface (of the CAD model). We place two parallel surfaces to the NURBS surface at a distance f 2 a , then the measured tolerance is equal to: t , = 4a.
For form tolerances, we say that surface is in conformity with the specification if the following relation is satisfied: t m 5 t,, where: t , is the measured distance between the parallel plans and ts is the specified tolerance.
C.2 Orientation tolerance
In order to verify the conformity of an orientation tolerance, we must use two subsets of points: Si associated to the surface to be inspected and S,. associated to the reference surface. The subset S,. is registered with CAD model and the computed rigid transformation is also applied to Si. The perpendicular distance between each 3D point of Si and NURBS surface is computed. The distribution of these distances does not have a gaussian form, and thus two points are defined in order to evaluate the zone of measured tolerance. (i) The point pl at a distance dl from the NURBS surface such that 2.5% of the points in Si have a distance di 5 d l . ( i i ) The point p2 at a distance d2 from the NURBS surface such that 2.5% of the points in Si have a distance di >_ d2. The zone of measured tolerance is then defined as the range between two parallel planes with an orientation related to the reference surface and passing through the points p1 and p2. For orientation tolerances, the inspected surface is in conformity with the specification t , if the following relation is satisfied: t , = Id2 -dll 5 t,.
C.3 Location tolerance
The location tolerances are controlled similarly to the tolerances of orientation. To ensure the conformity of the surface under inspection, the following relation must be satisfied: t l , < t l , < t~, 5 t~. , where: t18 and t 2 . are the distances from the surfaces which define the zone of tolerance specified to the reference, and t l , and t 2 , are the distances from the surfaces which define the zone of tolerance measured to the real reference (ST).
D. Nondeterministic inspection
A real image is seldom free from noise, and thus leads to uncertainties in the attributes of the entities resulting from image processing. In the case of 3D images, these entities are the subsets of 3D points (after the segmentation process) and the 3D points themselves. Uncertainty in the entities of the image leads to uncertainty in the inspection tasks. In this section we discuss the effect of this uncertainty in the results of the inspection. We suppose that the range data was obtained by using a strategy detailed in section 111.
D.l Noise model
We have exposed in section I1 the noise model of the digitalization system. Let cj be the real value of the point (xi, z j ) on surface, and let (&, 2j) be the acquired value of the point The model for a noisy point measured by the sensor is: (Oi, 2j) = (q, z j ) + b ( z i , tj).
The noise is described by a probability density function with a gaussian distribution of mean zero and variance o, as follow: where s' is a two-dimensional vector corresponding to the point on the NURBS surface nearest to r', and E(?') is the covariance matrix for the point t.
The properties of the noise function b ( f l can be interpreted geometrically, assigning a constant probability to the intersection of the function b(fl with an horizontal plane. These intersections form a family of ellipses. When the center of the ellipse coincides with the origin of the reference frame, the form and the orientation are defined completely by E. Indeed, the length of the major and minor axes can be calculated easily as the square root of the eigenvalues of E. The length of the axes of the dispersion ellipse for the point r' can then be calculated by: where Lx(fl is the length of the minor axis and L,(fl is the length of the major axis, since for the point r'
we know that a,,(?') > ax,(q (Section 11).
D.2 Noise consideration in inspection results
The matrix of covariance C is a function of the digitalization parameters such as: the incident angle a, the incident angle /3 and the distance d from the sensor to the surface. The form of the variance at the point t i s an ellipse, the major axis showing the largest dispersion of the point 7. We compute the major axis using oxx(fl = ~x z (~) +~z z ( 8 ) +~x z ( 4 and a,,(r3 = az,(a) We define the mean value of dispersion of a 3D cloud as: E , = 5 cy='=, L,(fi), with n the number of 3D points in the cloud.
Let t , be a specified tolerance and t, the measured deviation of a part under inspection. The deterministic inspection dictates that the part is in conformity with the specification if t, _< t,. In nondeterministic inspection the result of the inspection must take into account the dispersion of the points used to carry out the tolerance control. We illustrate in Figure 5 the possible regions t, can take in relation to t,.
Fig. 5. Location of tm related to ts
The location of t, related to t8 is used to quantify the result of the tolerance inspection by a qualitative value of reliability. In Table I1 we summarize the quantization of the inspection results according to the possible regions.
T.4BLE I1

QUANTIZATION OF THE NONDETERMINISTIC INSPECTION RESULT
The quantizations enough reliable and unreliable indicates that the inspection system is not sufficiently accurate to control the specified tolerance. Therefore it would be necessary either to improve the precision of the 3D data (to reduce E , as much as possible), or to use another method of inspection.
v. INSPECTION RESULTS
We intend to check the specified tolerances in Figure 4 (so flatness, perpendicularity and angularity). In order to know the exact deviations of these tolerances, we carried out the control with a CMM whom accuracy is 5pm. We show the results in Table I11 with the tolerance under control, the value of specified tolerance ( t s ) , the measured value (tm) and the result of the inspection. tion IV-D). Table IV shows nondeterministic inspection results. The geometrical tolerances of perpendicularity and angularity were found in conformity with the specifications, with a reliability value scoring very highly reliable. The geometrical tolerance of flatness was found not-conform with the specification, with a reliability score unreliable. The reliability value unreliable is due to the small value of the specification (lOpm), and consequently another method of tolerance inspection should be used. 
VI. CONCLUSION
We have presented an inspection system for manufactured parts that uses high accuracy range data. The high accuracy range data is obtained by using an optimum 3D data acquisition strategy. We have defined and implemented a methodology to check geometric tolerances, using a cloud of 3D points and a CAD model of the part. The system first registers a cloud of 3D points with a CAD model of the part, and then segments the 3D points in different surfaces by using the IGES CAD model. n o m the CAD model we know the exact description of the part, so we can use the implemented methodology to make the inspection of parts with complex surfaces.
The precision of the 3D data obtained with a range sensor is improved by the use of an acquisition strategy. These high precision 3D data are particularly interesting when very fine inspection is required. The acquisition strategy allows us to introduce a reliability value to the inspection result, and thus carries out a nondeterminist inspection. This reliability value constitutes a decision-making aid for the acceptance or rejection of the part under control.
